Objective: To describe the phenotype of a patient with classical features of X-linked L1 syndrome associated with novel brain malformations.
The L1 family of adhesion molecules is involved in several processes during the development of the brain. These events occur through L1CAM's interactions with various proteins and involve myelination, neuronal outgrowth, axon fasciculation, and neuron migration. 1 Mutations in L1CAM have previously been associated with 4 X-linked neurologic conditions, collectively known as L1 syndrome: X-linked hydrocephalus, MASA syndrome (mental retardation, aphasia, shuffling gait, and adducted thumbs), spastic paraplegia type 1 (SPG-1), and X-linked agenesis of the corpus callosum. 2, 3 L1CAM consists of a conserved cytoplasmic, 5 fibronectin type III, and 6 extracellular immunoglobulin (Ig1-6) domains.
1 The Ig1-6 and the second fibronectin domain are responsible for homophilic binding that triggers neurite outgrowth, while heterophilic binding involves the neurocan protein or the integrins interacting with other L1CAM domains. 4, 5 Of note, the sixth Ig domain promotes neurite outgrowth through both homophilic binding and heterophilic binding to integrins.
More than 200 L1CAM mutations have been reported, with a range of phenotypes. Patients were classified as having a "severe" phenotype if they had macrocephaly that required shunting or died before 2 years of age; all others were classified as having a "mild" phenotype. 3 Patients with cytoplasmic domain mutations often presented with a mild phenotype, while extracellular domain mutations were more severe. Further analysis of missense mutations noted that variants involving the surface of the extracellular domain were milder than those affecting its core. 3 We report a 2.5-year-old boy with a novel L1CAM mutation. Classical features of L1 syndrome were present, including callosal hypoplasia, intellectual disability, adducted thumbs, and SPG.
1,2 Unique to this patient was the presence of periventricular nodular heterotopias (PNHs) associated with overlying polymicrogyria (PMG).
METHODS Standard protocol approvals, registrations, and patient consents. Research protocols were approved through the institutional review board, and the family gave informed consent (CSMC IRB protocol Pro00037131).
Patient. The proband was a 2.5-year-old boy who presented with dysmorphic features, motor disabilities, and cognitive delay. He was the second child of a nonconsanguineous couple of Thai descent. He had an unaffected sister and no family history of neurologic disease.
At birth, the child was described as having several dysmorphic features, including a wide nasal bridge, hypertelorism, sparse eyebrows/eyelashes, microstomia, retrognathia, and posteriorly rotated ears (figure 1A). He had a high palate and a bifid uvula. He had arachnodactyly, overlapping digits, and adducted thumbs. His first and second toes were widely spaced bilaterally, and there was partial syndactyly between the second and third toes on the left foot. His birth weight was 3,319 g, length was 48 cm, and head circumference was 33 cm, all within normal limits. He exhibited poor feeding and required gastrostomy tube placement.
On examination, the child was awake and alert. He did not speak or follow commands. He had limited receptive language. Head circumference and length were below the 5th percentile. He had developed bushy eyebrows, low posterior hairline, and thick hair with frontal upsweep and disorganized growth pattern (figure 1B). He had a mild apparent hypertelorism, wide nasal bridge, a small-appearing mouth with downturned corners and retrognathia, high palate, and bifid uvula (figure 1B). He had low-set posteriorly rotated ears with an abnormal helix ( figure  1C ). Visual tracking was decreased. He had adducted thumbs and SPG. Strength was mildly and diffusely decreased. His reflexes were brisk. His ankles were dorsiflexed with talipes calcaneovalgus deformities.
MRI of the brain at 1 year of age revealed a truncated corpus callosum with incomplete formation of the genu and rostrum anteriorly and the splenium posteriorly ( figure 2A ). There was deformation of the lateral ventricles with larger anterior horns. Bilateral PMG was present and associated with PNHs ( figure 2B ). White matter signal abnormalities were present, with reduced volume consistent with dysmyelination ( figure 2C ). Both the pons and medulla were small and not fully developed ( figure 2A ).
Genetic evaluation. Genomic DNA was extracted from blood, and exome sequencing was performed as per previous protocols (GeneDx, Gaithersburg, MD). 6 RESULTS Exome sequencing identified a novel maternally derived missense mutation (c.1759 G.C; p.Gly587Arg) in exon 14 of the L1CAM gene (NM_000425.3). This variant was not observed in approximately 6,500 individuals in the NHLBI Exome Sequencing Project.
DISCUSSION Our proband was hemizygous for a missense mutation in the sixth Ig domain of the L1CAM gene. This mutation involves the substitution of a nonpolar glycine residue with a larger basic arginine residue. Previously, glycine-587 was identified as a key residue in the structure of L1CAM because of its interactions with lysine-606, which indicates that any mutation at this site would likely affect the secondary structure and function of the protein ( figure 3A ). 4 Furthermore, glycine-587 residue is conserved across mammalian species (figure 3B), and neither this variant nor any other variant has been previously reported to affect this residue. Consistent with these findings, the child had several features associated with L1CAM disorders, in addition to some unique migrational anomalies of his brain. Other nearby mutations (p.Y589H, p.A593P, p.D598N) that were previously associated with L1 syndrome (corpus callosum hypoplasia, retardation, adducted thumbs, and spasticity) provide additional evidence that this substitution is responsible for his phenotype. Furthermore, investigations in C57BL/6 mice with deletion of L1CAM's sixth Ig domain (L1-6D mice) resulted in a typical L1 phenotype consisting of hydrocephalus and embryonic lethality. 8 This phenotype was likely the result of loss of L1-L1 homophilic binding that is important for axon fasciculation, extension, and guidance, as well as loss of heterophilic integrin binding that triggers signaling pathways involved in cell migration. 1, 5 PNHs are defined as heterotopic nodules of disorganized neurons along lateral ventricles of the brain. It has been hypothesized that these abnormalities are caused by impaired departure of neurons from the ventricular zone (VZ). In murine neocortex, shRNA knockdown of L1CAM showed impaired migration of neurons from the VZ to the intermediate zone (IZ) and the cortical plate. 9 Altered distribution of the leading processes of neurons led to aberrant locomotion. 9 A similar defect was observed in slice culture experiments of neuronal L1CAM knockdown (L1-KD) mice, in which L1-KD neurons had decreased locomotion in the IZ and longer processes when translocating through the primitive cortical zone. 10 These defects were likely caused by impaired homophilic binding and inadequate activation of MAPK, resulting in slowed migration. In addition, it has been reported that integrins such as a3b1 and a5b1 modulate the interaction between the leading processes of the neurons and substrate as they migrate through the cortical zone. 10 It is likely that our proband's mutation and its proximity to a nearby RGD motif in Ig6 disrupted both homophilic and integrin binding, resulting in impaired cell signaling and causing migrational abnormalities.
Our patient's presentation with PNHs associated with PMG appears to be novel in L1CAM-associated disorders. Several patients with an X-linked inheritance pattern of familial hydrocephalus thought to be due to L1CAM mutations were also noted to have PMG. 11 Unfortunately, a genetic diagnosis was never confirmed. 10 More interesting is that PNHs with overlying frontal-perisylvian PMG have been previously described in only a handful of patients, 12, 13 and nearly all of the individuals with this subtype were males with limb abnormalities. 12 Unfortunately, the genetic factors causing this combination also have yet to be identified. Further investigations of those cases with an emphasis on L1CAM may be appropriate.
We have described a case of an L1CAM-associated disorder caused by a hemizygous missense mutation in its sixth Ig domain. This mutation likely disrupted the secondary structure of L1CAM, resulting in abnormal homophilic and integrin binding and leading to the common symptoms of L1 syndrome along with a novel presentation of specific migrational abnormalities.
